(snRNA) 3´-end formation (9, 10) , and more recently, the effects of the nuclear cap binding complex on stimulation of 3´-end processing of several RNA families (11) . In the case of snRNA or histone pre-mRNA processing, the cis-acting signals are compact, making reporter design straightforward; however, the processing signals required for cleavage and polyadenylation are much more diverse and cover larger ranges (5) . Here, we describe the construction of an effective gainof-function reporter system to analyze pre-mRNA processing and provide an assessment of the reporter's capabilities and limitations.
To demonstrate the design and utility of an enhanced green fluorescence protein (referred to here as GFP) expression-based assay to monitor mRNA 3´-end processing, we generated a transcriptional readthrough reporter ( Figure 1A ). This reporter (termed PAS-GFP) is constructed in the pcDNA3.1 (+) vector (Invitrogen, Carlsbad, CA) such that the sequences to be analyzed are cloned upstream of a GFP open reading frame (ORF), which itself is followed by a bovine growth hormone (BGH) PAS. The expectation is that if RNA polymerase II encounters a functional cleavage and PAS prior to transcription of the GFP-encoding mRNA, no fluorescence will be observed. As a positive control, we tested the late SV40 PAS, which has been well-characterized for cleavage and polyadenylation efficiency (12) . We inserted a 233-nucleotide sequence that included the SV40 PAS, cleavage site, and DSE into the PAS-GFP reporter. Importantly, we also created two additional negative control reporters where random sequences devoid of defined cleavage and polyadenylation elements were also inserted upstream of the GFP ORF ( Figure 1A ). All reporter constructs as well as an empty PAS-GFP vector were transiently transfected into HeLa or HEK293T cells (ATCC, Manassas, VA), and both protein and total RNA were isolated for analysis 48 h posttransfection (as described in References 9 and 10). An additional plasmid encoding HA-tagged mCherry was cotransfected to control for transfection efficiency. We
Gain-of-function reporters for analysis of mRNA 3´-end formation: Design and optimization
The concept of mRNA 3´-end formation as a static, minimally regulated housekeeping process has undergone a paradigm shift. Many recent studies have shown that accurate and efficient 3´-end formation of mRNA is highly regulated and that dysregulation of this process is a hallmark of several diseases. While there are many global analysis methods for monitoring altered mRNA processing, methods for investigating specific RNA 3´-end processing events in cells have not significantly changed. Here we describe a facile gain-of-function cellular reporter for the analysis of mRNA 3´-end formation as an alternative to approaches that are technically challenging or use radioactivity. We also offer suggestions for optimization of our approach and enhancement of its reproducibility.
Benchmarks

METHOD SUMMARY
We have designed a transcriptional readthrough reporter for gain-of-function detection of mRNA 3´-end processing by enhanced GFP expression. Our method is facile and easily customizable for the visual and non-radioactive analysis of cis and trans mRNA regulation, in which altered 3´-end formation disrupts normal physiological processes.
observed that only the insertion of the SV40 PAS into the reporter prevented GFP protein expression ( Figure 1B ). Quantification of GFP expression using ImageJ analysis correlated with qRT-PCR measurement of GFP mRNA ( Figure 1 , C and D). It is noteworthy that both of the random sequences slightly reduced the expression of the GFP reporter compared with the empty PAS-GFP vector. This is not surprising as some level of translation inhibition would be expected from the insertion of an ~220-nucleotide sequence upstream of the GFP start codon. Along the same lines, it is important to consider that not all random sequences are inert and that they may contain cryptic regulatory elements; therefore, it is recommended to test multiple negative control sequences.
To demonstrate sensitivity of the reporter to mutations of the cis regulatory element for 3´-end processing, we introduced either a three-nucleotide mutation (AAUAAA to GGGAAA) into the PAS [PAS null (PN)], a deletion of the DSE [DSE null (DN)], or a mutation of the cleavage site [cleavage null (CN)] (Figure 2A ). The most significant readthrough was observed after mutation of the PAS and to a lesser extent the DSE ( Figure 2B ). It was not unexpected that the cleavage site mutation did not result in significant readthrough as it is thought to be the least critical element, since alternative cleavage sites can be utilized if one is mutated (3). Importantly, we observed strong correlation between GFP protein expression and GFP mRNA levels, demonstrating that GFP expression is reflective of mRNA production ( Figure 2, C and D) . Finally, 3´ rapid amplification of cDNA ends (RACE) and sequencing confirmed that the SV40 PAS located upstream of GFP and the BGH PAS located downstream of GFP represent the only two cleavage and polyadenylation events, as predicted ( Figure 2E ). While GFP expression is representative of transcriptional readthrough, we did observe slightly greater sensitivity when measuring readthrough using qRT-PCR, where we measured the GFP mRNA levels normalized to the neomycin resistance mRNA encoded elsewhere within the PAS-GFP plasmid.
One possible concern for a transcriptional readthrough reporter with large inserts upstream is the location and context of the start codon. The constructs shown in Figure 2A all have the optimized GFP start codon mutated and rely on a start codon fortuitously located within the SV40 polyadenylation signal. We redesigned the PAS-GFP reporter such that the GFP ORF cloned downstream of the NotI site maintains its native AUG ( Figure 2F ). The same SV40 PAS and its mutants were then tested in this new context to determine if the presence of an optimal codon would alter the results. We did not detect any difference in the effects of the SV40 mutants; however, we did observe preferential usage of the native AUG of the GFP by Western blot analysis ( Figure 2G ) despite the presence of the upstream start codon. This is most likely because the NotI site flanking the endogenous GFP start codon is GC-rich, similar to a Kozak sequence.
Results from recent global analyses of altered RNA 3´-end formation events have uncovered a process that is highly dynamic and subject to regulation (13-15, reviewed in Reference 16). However, these approaches must be followed up using specific reagents to provide a mechanistic understanding of how RNA processing takes place. Typical reporters used by others to investigate mRNA 3´-end formation (17, 18) place the 3´-end processing elements downstream of a heterologous ORF (e.g., luciferase or b-globin) and then measure either the protein or mRNA expression. These reporters have proven to be robust, and the primary strength of this design compared with the transcriptional readthrough reporter described in this study is that 3´-end processing occurs in a more native context, which is downstream of an ORF. However, the potential limitation of reporters with 3´-end processing signals placed downstream lies in the interpretation of loss-of-function events. Mutations that are introduced into these reporters that result in failure to produce the reporter product may be confounded by other factors, such as instability of the transcribed RNA due to altered 3´ UTR content. This concern is mitigated by the design of our transcriptional readthrough reporters. However, the PAS-GFP reporter described here is also not without limitation. As previously mentioned, cryptic regulatory elements in the 5´-UTR may impair reporter expression. We addressed one of these limitations by exploring the importance of the start codon context (Figure 2 ). Additional considerations when designing a transcriptional readthrough reporter are the presence of upstream ORFs (uORFs), secondary structures limiting start codon recognition, and the potential use of a non-AUG start codon (19, 20) ; each of these factors may affect translation of the downstream reporter. These constraints may also place an upper limit on the size of the construct to be used.
Nonetheless, the customizable, gainof-function PAS-GFP reporter described here offers an immunological and visual output to allow for a case-by-case analysis of mRNA 3´-end formation. Moreover, this reporter is readily adaptable for more complicated model systems, including in vivo expression for tissue-specific analysis of mRNA 3´-end formation and genomewide CRISPR screening to identify novel regulatory factors.
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